In this study ground biomass and pulverized coal were used for co-firing test.
INTRODUCTION
Biomass co-firing in large industrial and utility coal-fired boilers is a practical approach for increasing renewable energy given the wide availability, existing capital investment, and established performance of coal-fired boilers for providing efficient, low cost power (Hughes, 2000) . Biomass can be directly fired in dedicated boilers. In recent years, there has been considerable emphasis on co-firing waste fuels with coal in pulverized coal (PC) and cyclone boilers owned and operated by electricity generating utilities (Gold and Tillman, 1996; Hein and Bemtgen, 1998; Hughes and Tillman, 1998; Ekmann et al., 1998; Hus and Tillman, 2000; Battista et al., 2000; Demirbaş, 2000a) .
Biomass energy is renewable and sustainable, when the resource is managed so that as much or more biomass is grown each year as is used as a source of fuel or feedstock. Biomass is the organic material of living organisms, mostly plant life and the products of plant life. As a source of energy it is stored solar energy. Table 1 shows world final energy consumption in 1995. Biomass energy (firewood, agricultural residues, animal wastes, charcoal and other derived fuels) currently represents approximately 14% of world final energy consumption, a higher share than that of coal (12%) and comparable to those of gas (15%) and electricity (14%) ( Table 1) .
Coal and biomass fuels are quite different in composition. The physical properties and dry heating values of biomass and coal fuels are given in Table 2 . Table 3 shows chemical analysis results of some biomass and coal samples.
Co-firing biomass with coal has the capability to reduce both NO x and SO x levels from existing pulverized coal fired power plants. Gas co-fire solves combustion problems with coal and bio-waste fuels; co-fire enhances boiler performance and reduces emissions of NO x , smoke (opacity), CO, and particulate (Sami et al., 2001) . Co-firing may also reduce fuel costs, minimize waste and reduce soil and water pollution, depending upon the chemical composition of the biomass used.
Coal-fired boiler systems generate approximately 38% of the electric power generation worldwide and will continue to be major contributors in the future. Coal power is a rather simple process. In most coal fired power plants, chunks of coal are crushed into fine powder and are fed into a combustion unit where it is burned. Heat from the burning coal is used to generate steam that is used to spin one or more turbines to generate electricity. New pulverized coal-fired systems routinely installed today generate power at net thermal cycle efficiencies ranging from 34 to 42% (higher heating value (HHV) basis). Pulverized coal-fired boiler technology is a major contributor to meeting worldwide electrical power generation requirements with approximately 970,000 MWe of capacity in operation in 1990s (Demirbaş, 2000b) .
The use of biomass fuels provides substantial benefits as far as the environment is concerned. Biomass absorbs carbon dioxide during growth, and emits it during combustion. Therefore, biomass helps the atmospheric carbon dioxide recycling and does not contribute to the greenhouse effect. Biomass consumes the same amount of CO 2 from the atmosphere during growth as is released during combustion. In addition, overall CO 2 emissions can be reduced because biomass is a CO 2 neutral fuel. Therefore, co-firing coal with biomass fuels can reduce fossil based CO 2 emissions. Figure shows the plot of co-firing coal with bio-waste to reduce fossil based CO 2 emissions. Co-firing of biomass residues with coal brings additional greenhouse gas mitigation by avoiding the CH 4 release from the otherwise landfilled biomass (Sami et al., 2001) . 
EXPERIMENTAL
The test methods of biomass fuel analyses (ASTM E871, ASTM D1102, ASTM E872, ASTM E777, ASTM E778, ASTM E775, ASTM E776, ASTM D3682, and ASTM E323) are used in this study. Biomass samples were ground in a Wiley type laboratory mill. Co-firing tests were carried out in a bench-scale bubbling fluidized bed combustor. Gas analyzers were used to continuously record the levels of O 2 , CO, CO 2 , SO 2 and NO.
The tests of co-firing of coal and bio-waste were carried out in a bench-scale bubbling fluidized bed combustor. The combustor is made of quartz glass tube with an inner diameter of 25 mm and a height of 650 mm. The air distributor is a multiperforated plate which supports the bed material and distributes the fluidized air. The quartz tube is heated by an electric heater. The bed temperature can be controlled within the range from ambient temperature to 1100 K which can be measured by a thermocouple immersed in the bed. The fuel is fed to the bed through a fluidized bed feeding system. The reactor is made of stainless steel cylinder with an inner diameter of 102 mm and a wire with an active zone length of 104 mm.
RESULTS AND DISCUSSION Environmental Benefits and Co-Firing Economy
Environmental legislation is the primary motivation for encouraging coal and biomass co-firing. Worldwide, there is increasing pressure among governments to lower emissions of widely recognized pollutants such as SO 2 and NO x , to reduce the amount of wastes going to landfills, and address the perceived threat to global warming by limiting CO 2 production. However, the priority that government organizations assign these goals and the manner in which policy is created and implemented to meet these goals varies greatly.
About two-thirds of SO 2 , one-third of CO 2 emissions and one quarter of the NO x emissions are produced by coal burning. Smog formed by NO x and reactive organic gases causes crop, forest and property damage. SO 2 and NO x both combine with water in the atmosphere to create acid rain. Acid rain acidifies the soils and water killing off plants, fish, and the animals that depend on them. Global warming is mainly caused by CO 2 emissions and is responsible for at least half of the warming. The plot of cofiring coal with biomass fuels to reduce fossil based CO 2 emissions is given in Figure  1 .
Biomass power is one of the most attractive options for addressing CO 2 concerns, because both growth and conversion involve recycling atmospheric carbon, resulting in no net addition of CO 2 into the atmosphere. Emissions of air toxics from biomass direct or indirect combustion require further characterization, but they are likely to be less of a problem than the air toxics emissions from coal combustion. Solid waste, in the form of ash, is generally viewed as non-hazardous and is produced in smaller quantity than in coal-fuelled systems. Solid waste production is lower because of the relatively low ash content of biomass fuel. Figure 2 shows the influence of volatility on NO x emissions at the combustor. Formation of NO x decreases with the increase of volatility of bio-waste and coal blend. Since biomass produces a significantly larger volatile yield than coal, there is potential for biomass to be effective in creating large fuel-rich regions useful for NO x control.
Reduction of NO x occurs primarily in the re-combustion zone by reaction of NO with hydrocarbon fragments (CH, CH2). These reactions typically produce HCN, which decays in the re-combustion zone along the chemical pathway:
The last step in this chemical pathway which converts N to N 2 is called the reverse Zeldovich reaction, which is accepted as the primary route of NO formation and destruction in the thermal NO x mechanism (Harding and Adams, 2000) .
A number of major utilities are evaluating co-firing of biomass in existing coal fired power stations. Incentives which exist for utilities include site specific cases where the biomass purchase price is less than that of coal, indirect benefits to the forestry and secondary wood products industry by providing new markets for wastes and residues, as well as dedicated feedstocks, thereby promoting economic stability in the utilities service area; and the potential to develop feedstock infrastructure and jobs for long term biomass development and use.
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Biomass Co-firing for Coal-Fired Boilers Figure 1 . Plot of co-firing coal with bio-waste fuels to reduce fossil based CO 2 emissions Economic studies of the potential costs and benefits of co-firing waste with coal are plentiful. The economic considerations including factoring subsidies and externality cost into project economics; resource availability on a national, regional, and local level.
Even though environmental policy may provide the main impetus or incentive for initiating a coal and biomass co-firing project, most projects require favourable economics to continue operation unless citizens' demands override the profit motive. For example, there is considerable interest in the development of energy crops as substitutes for fossil fuels. However, it is also widely recognized that in order for an energy crop industry to survive, it must produce and sell fuel at competitive prices. Most successful coal and biomass co-firing projects, irrespective of the country or region where they are located, purchase the waste at prices lower than the coal being replaced.
The economic evaluation of co-firing coal with biomass co-firing is complex. The evaluation must include several components. The price of the biomass fuel is frequently a very important, if not the most important, determinant of a plant's economic viability, particularly if high percentages of biomass fuel are used. Biomass fuel prices can be either positive or negative within an extremely broad price range. Figure 2 . The influence of volatility on NO x emissions at the combustor Operating and maintenance costs are dependent on the technology used to store, process, and burn the fuels and the potential impact of fuel characteristics on plant performance, including efficiency. The latter cost projection can be complicated by the variable nature of some waste fuels. Table 3 shows chemical analysis results of some biomass and coal samples. Biomass fuel properties vary significantly more than those of coal do. As examples, ash contents vary from less than 1% to over 16%, oxygen contents vary from less 35% to over 43% and fuel nitrogen varies from around 0.2% to over 1% (Table 3) . Other notable properties of biomass relative to coal are: high moisture content (usually greater than 25% and sometimes greater than 50% as-fired), potentially high chlorine content (ranging from essentially 0.1 to 1.5 %) (Table 3) , relatively low heating value, and low bulk density. The ultimate analyses of original biomass and coal samples are given in Table 4 .
Fuel Characteristics
In combustion applications, biomass has been fired directly, either alone or along with a primary fuel. Some of the biomass technologies have experienced limited technical success. The limitations were primarily due to relying on biomass as the sole source of fuel, despite the highly variable properties of biomass. The high moisture and ash contents in biomass fuels can cause ignition and combustion problems. Because of the low heating values, biomass is accompanied by flame stability problems. It is anticipated that blending biomass with higher quality coal will reduce the flame stability problems, as well as minimize corrosion effects. Chlorine, which is found in certain biomass types, such as straw, may affect operation by corrosion. Most of the technical issues in combining biomass with coal for co-firing are related to fuel properties. Biomass differs from coal in many important ways, including the organic, inorganic and energy content and physical properties. Relative to coal, biomass generally has less carbon, more oxygen, more silica and potassium, less aluminum and iron, lower heating value, higher moisture content and lower density and friability. In general, particle size of biomass is larger than that of coal (Table 2 ). Figure 3 shows the combustion history of a typical hazelnut shell particle (initial diameter of particle: 0.92 mm). Table 5 shows the ash analysis results of typical fuel samples. The inorganic properties of coal also differ significantly from biomass (Table 5 ). Inorganic Figure 3 . Combustion history of a typical biomass particle (Sample: hazelnut shell) components in coal vary by rank and geographic region. As a class, coal has more aluminum, iron and titanium than biomass. Biomass has more silica, potassium and, some times, calcium than coal.
Co-Firing Properties
Co-firing biomass fuels in coal-fired boilers introduces a fundamentally different fuel into the furnace. Biomass has significantly lower heating values than most coals (Tables 2 and 4 ). This is, in part, due to the generally higher moisture content and, in part, due to the high oxygen content. One might be led to believe that the lower heating values lead to lower flame temperatures. In the case of low heating values caused by high moisture contents, this is true. However, low heating values caused by high oxygen contents are not associated with low flame temperatures. The average ash, fixed carbon and volatile matter contents of fuel species are given in Table 6 (Demirbaş, 2002) . Biomass fuels also have higher volatile matter yields than coals. Notice the relative volatility of the two types of fuel; the biomass fuels have volatile matter/fixed carbon ratio (VM/FC) typically >4:0. The VM/FC ratio for coal is virtually always <1:0 ( Table 6 ). The ASTM tests for volatile yields consistently under predict the actual yields during combustion, but in both cases, biofuel yields exceed those of coal by a substantial margin. Carbon consumption is a potential problem when co-firing bio-fuel with coal.
It is important to note that practical volatility can be influenced by two factors: (1) fuel particle size, and (2) combustion temperature. Smaller particles will release more volatiles, and will release them more rapidly. Higher temperatures will also cause a greater proportion of the combustible fraction of a fuel to be released as volatiles, and lower temperatures will promote increased char formation. It is impractical to reduce most bio-waste fuels to the size of pulverized coal. The great majority of fuels will require size reduction. Size reduction of bio-waste is always more energy intensive than for coal.
Co-firing technology has some technological problems. First, the issue of combustor fouling and corrosion due to the alkaline nature of the biomass ash needs attention. Second, the maximum particle size of a given bio-fuel that can be fed to and burned in a given boiler through a given feeding mechanism requires additional studies. Third, practical pulverizer performance needs to be examined. Biomass fuels may require separate pulverizers to achieve high blend ratios and good combustion performance.
The largest fraction of bio-waste and coal combustion history involves char oxidation. Experimental data indicate that biomass chars burn under strongly diffusion controlled conditions. Moisture content significantly impacts bio-waste burnout time. Devolatilization, while slower for biomass than coal, is generally much shorter than either drying or char combustion.
The high chlorine and alkali contents of some biomass fuels like wheat straw raise concerns regarding corrosion. The greatest concern focuses on high-temperature corrosion of superheater tubes induced by the presence of chlorine on the tube surface. The corrosion aspects of this investigation characterized chlorine concentration in the deposit and its dependence on operating conditions. The chlorine concentration should be minimized in all cases. The data indicate that the amount of chlorine in the deposit decreases sharply with increasing sulfur content, and that co-firing a high-chlorine, low-sulfur biomass fuel with a sulfur-containing coal often results in deposits with very low chlorine concentration. It is a function of total fuel chlorine content, available (not total) alkali content and total sulfur content.
CONCLUSION
Biomass energy is renewable and sustainable, when the resource is managed so that as much or more biomass is grown each year as is used as a source of fuel or feedstock. Coal and biomass fuels are quite different in composition. It was observed that the investigated biomass materials showed different combustion characteristics. Although the proximate analysis results differs considerably, the ignition temperatures of the biomass samples changed in a narrow interval.
The use of biomass to reduce NO x is attractive for several reasons. First, bio-waste contains little nitrogen, as compared with coal which is also used as a re-combustion fuel. This results in lower NO x production from fuel nitrogen species for bio-waste. In addition, bio-waste contains virtually no sulfur, so SO 2 emissions are reduced in direct proportion to the coal replacement. The NO x reduction was strongly dependent on initial NO x concentration and only slightly dependent upon temperature, where increased temperature increased NO x reduction.
Co-firing of coal and biomass is an effective method of control NO x . Formation of NO x decreases with the increase of biomass fraction. Co-firing of biomass in PC-fired power plants is a cost-effective strategy to combine energy production and waste reduction in an environmentally sound way. As an energy source used in a coal-fired power plant it reduces the consumption of fossil fuels and thereby reduces the greenhouse effect. Additional effects are a reduction of the ash volume and the SO 2 and NO x emissions of a coal-fired power plant.
